Type 1 diabetes is associated with slower psychomotor speed, but the neural basis of this relationship is not yet understood. The basal ganglia are a set of structures that are vulnerable to small vessel disease, particularly in individuals with type 1 diabetes. Thus, we examined the relationship between psychomotor speed and resting state resting cerebral blood flow in a sample of adults with diabetes onset during childhood (≤ 17 years of age). The sample included 77 patients (39 M, 38 F) with a mean age of 47.43 ± 5.72 years, age of onset at 8.50 ± 4.26 years, and duration of disease of 38.92 ± 4.18 years. Resting cerebral blood flow was quantified using arterial spin labeling. After covarying for sex, years of education and normalized gray matter volume, slower psychomotor speed was associated with lower cerebral blood flow in bilateral caudate nucleusthalamus and a region in the superior frontal gyrus. These results suggest that the basal ganglia and frontal cortex may underlie slower psychomotor speed in individuals with type 1 diabetes.
Introduction
Individuals with type 1 diabetes mellitus (T1DM) are living longer and progressing into older age (Miller et al. 2012) . In midlife, diabetes is associated with several neurocognitive complications, most notably impairments in psychomotor speed (PS), which is associated with greater risk of falls and poor self-care management (Feil et al. 2012; Wong et al. 2014) . Although the phenomenon of slowed PS in T1DM is well documented, the potential neural mechanisms underlying this impairment are not yet understood. Slowed PS has been associated with later-stage vascular markers such as white matter hyperintensities (WMH), both in individuals with T1DM and in healthy aging populations (Jacobs et al. 2013) .
Arterial spin labeling (ASL), is a noninvasive imaging method that uses magnetic labeling of protons in the blood to provide a measure of tissue cerebral blood flow (CBF) (Alsop et al. 2015; Detre et al. 2012; Detre and Wang 2002; Wolk and Detre 2012) . Individuals with T1DM have lower gray matter CBF (Quirce et al. 1997 ) and blunted cerebral hemodynamic responses particularly among individuals with more severe hyperglycemia (Jiménez-Bonilla et al. 2001; Tagougui et al. 2015) . Both chronic and acute hyperglycemia are associated with decreases in CBF, suggesting that more poorly controlled diabetes leads to alterations in CBF (Duckrow 1995; Kikano et al. 1989 ). Thus, ASL provides a unique advantage to examine differences in CBF that associate with cognitive changes that occur in conjunction with disease.
The basal ganglia are subcortical structures that regulate PS (Graybiel et al. 1994) . Changes in CBF distribution in the basal ganglia have been linked to PS deficits in schizophrenia (Wright et al. 2015) , and slower PS has been associated with hypoperfusion within the caudate nucleus in individuals with mild cognitive impairment and mild Alzheimer's disease (Terada et al. 2013) . Thus, basal ganglia CBF may provide insight into PS decrements that are commonly seen in individuals with T1DM. In non diabetic populations, the basal ganglia are especially vulnerable to SVD due to their poor collateral vascularization (watershed areas) (Pantoni 2010) . The basal ganglia appear especially vulnerable to T1D, as shown by our group (Hughes et al. 2013; Hwang et al. 2016; Nunley et al. 2017 ) and others (Bolo et al. 2015a; Cranston et al. 2001; GallardoMoreno et al. 2015; Heikkilä et al. 2010; Moulton et al. 2015; Pell et al. 2012; Rooijackers et al. 2016; Seaquist 2015; Selvarajah et al. 2011) . Abnormalities in the basal ganglia is of concern in T1D, because of their role in hypoglycemia unawareness (Bolo et al. 2015a; Cranston et al. 2001; Heikkilä et al. 2010; Rooijackers et al. 2016) , as well as in decision making (Mogenson et al. 1980) , thus potentially affecting diabetes management.
The goal of the present study was to identify associations between PS and resting state regional CBF in a cohort of middle-aged adults with childhood-onset T1DM. We hypothesized that slower PS would be associated with lower CBF in the basal ganglia, as measured by using ASL.
Materials and methods
Participants were recruited from the Epidemiology of Diabetes Complications study at the University of Pittsburgh. The cohort comprises individuals with childhood onset (≤ 17 years of age) of T1DM who were seen within 1 year of their diagnosis at Children's Hospital of Pittsburgh (Pambianco et al. 2006; Wagener et al. 1982) . Initial clinical assessments occurred in 1986-1988, including a 24-year follow-up that included 263 patients. Patients were invited to participate in an auxiliary study utilizing magnetic resonance imaging (MRI) and neuropsychology testing. MRI and neuropsychology data were collected on the same visit day. Of the 154 who volunteered to participate, 112 were eligible for MRI scanning and 101 had complete resting ASL data. Previous research on this cohort has identified a potential survivor bias for participants diagnosed before January 1, 1965 (Miller et al. 2012) , and the 19 participants who met this criterion were excluded from analysis. An additional 5 participants were missing neuropsychology data, resulting in a final sample of 77 individuals. Of the 77 participants included in analyses, 66 (88%) self-reported as right-handed and 9 (11%) were left-handed. Participant characteristics are displayed in Table 1 . Participants gave written informed consent and the University of Pittsburgh Institutional Review Board approved the study.
Neuropsychological battery
Psychomotor speed was measured using three cognitive tests: Digit Symbol Substitution Test (DSST, number correct in 90 s), Grooved Pegboard Task (GP, dominant hand, time to insert pegs, in seconds) and Trails Making Test, Part A (TMTA, seconds to complete). Cognitive test scores were normalized using SPSS v.22. Z-scores of the three tasks assessing psychomotor speed were summed then averaged to create a composite z-score. For the two tasks in which a higher score reflects poorer performance (i.e., GP and TMTA), signs were first reversed before calculating the average domain z-score. In addition to PS, the battery also tested other domains: Executive function Supplementary Table S1 . Neuropsychology data within the full cohort are published elsewhere .
MRI data acquisition
All neuroimaging data were acquired on a 3T Trio TIM whole-body scanner (Siemens), with a 12-channel, phasedarray head coil. An axial, whole brain, T1-weighted threedimensional magnetization-prepared rapid gradient echo (MPRAGE) anatomical image was collected (field of view (FOV) = 256 × 224 mm; repetition time (TR) = 2300 msec; inversion time (TI) = 900 msec; echo time (TE) = 3.43 msec; flip angle (FA) = 9 degrees, 176 slices; 1 mm isotropic resolution, no gap). To estimate white matter hyperintensities (WMH), we collected an axial, whole brain fluid-attenuated inversion recovery image, or FLAIR, (FOV = 212 × 256 mm; TR = 9160 ms; TI = 2500 ms; TE = 90 ms; FA = 150 ; 48 slices; 1 × 1 × 3 mm resolution).
Resting CBF was acquired with a pulsed ASL sequence. Participants were instructed to view a white cross hair and remain awake. For this sequence, interleaved labeled and unlabeled images were obtained over a 5-minute, 28-second period using gradient-echo echo-planar imaging. The pulsed ASL sequence used a modified flow-sensitive alternating inversion recovery method, applying a saturation pulse 700 ms after an inversion pulse. To reduce transit artifact, a 1000-ms delay separated the end of the labeling pulse and the time of image acquisition. Resting ASL image acquisition parameters were: FOV = 240 × 240 mm; TR = 4000 ms; TE = 18 ms; and FA = 90°. Twenty-two slices (4 mm thick, 1 mm gap) were acquired sequentially in an inferior-tosuperior direction for each brain image, yielding 80 total images (40 labeled and 40 unlabeled; with 3 initial discarded images allowing for magnetic equilibration). Two additional unlabeled (control) images using the same parameters but a longer TR (8000 ms) were acquired as reference for the equilibrium brain tissue magnetization.
Image processing
Preprocessing was performed in SPM8 (Wellcome Trust Centre for Neuroimaging; http://www.fil.ion.ucl.ac.uk/ spm/software/spm8/). Resting ASL images were motion corrected (labeled and unlabeled images were separately corrected and then jointly corrected) to the first image of the series by rigid body transformation (mutual information similarity metric and 4th degree B-spline interpolation), then smoothed with a 10 mm full-width at half-maximum isotropic Gaussian kernel. Similar processing was done on the equilibrium magnetization images. CBF calculation was performed using a script in MatLab by Wang et al. (Wang et al. 2003) The following parameters were utilized in the script: surround subtraction method, label time of 0.7, delay time of 1.2, slice time of 45, labeling efficiency of 0.95, and TE of 18 ms. The equilibrium magnetization image was used to further improve the CBF estimate. CBF estimates were only calculated in the image if they passed a height threshold of 500 MR units (relative). CBF maps were normalized (coregistered) into MNI space. Each participant's MPRAGE was segmented into gray matter, white matter, and cerebrospinal fluid. We then coregistered the gray matter image to the mean ASL image (via an affine coregistration with normalized mutual information similarity metric and no interpolation -only the transformation matrix was stored). This coregistered structural gray matter segmentation was then coregistered to a template gray matter segmentation (nonlinear warping) with a final resolution of 4 mm isotropic resolution (Supplementary Figure S1) . We then used FSL (fslmaths) to calculate the mean CBF image.
An Automated Labeling Pathway was used to calculate whole brain and regional counts of gray matter, white matter, and cerebrospinal fluid in the MPRAGE (Wu et al. 2006) . Briefly, this method uses FMRIB Software Library's (http:// fsl.fmrib.ox.ac.uk) Brain Extraction Tool to first extract a mask of the intracranial volume. Trained lab members further corrected these maps using ITK-SNAP (http://www. itksnap.org/). This was used to calculate the intracranial volume. Next, FSL's FLIRT was utilized to perform a linear (affine) coregistration between the MPRAGE and the templates. Then ITK-Toolkit (https://itk.org/) was used to perform a fully deformable coregistration. Importantly, all processing was done from the template space to the native space, which allows for greater flexibility within subject. This process results in segmentations of the gray, white, and CSF that can be used to calculate volumes for each class. Normalized gray matter volume index was calculated by dividing whole brain gray matter volume by intracranial volume (O'Brien et al. 2011) . To calculate WMH burden, we utilized a previously established automated segmentation algorithm that involves automatic seed selection and fuzzy connectedness (Wu et al. 2006 ). All segmentations of WMH were visualized by human eye for quality. Normalized global burden was the amount of WMH voxels divided by intracranial volume. Five participants were missing WMH data and were excluded from the supplementary correlation analysis.
To limit regions of analysis to gray matter, we created a study specific gray matter mask. We also created a normalized structural image that was the average across subjects. This stage of the processing was completed in SPM12. We segmented each MPRAGE into six tissue classes (gray matter, white matter, cerebrospinal fluid, soft-tissue, skull, and air). We then generated an automatic intracranial volume mask for each subject (threshold GM, WM, CSF with probability greater than 0.1 then an image filling and image closing algorithm [sphere of one voxel]). We applied that mask to the MPRAGE. We normalized the skull-stripped MPRAGE into MNI space (same resolution as the ASL maps)-this image was used to overlay the CBF imaging results. Normalized segmentations (probability maps) were used to determine a label for each voxel which converted tissue type maps into binary images. Tissue type was determined by assigning a voxel to a tissue type if it has the maximum probability between tissue types. We generated a tissue probability map by adding all binary segmentations across subjects then dividing by the number of subjects to generate a study specific probability map. We then determined the study specific gray matter mask by assigning voxels to a tissue type if it has the maximum probability among tissue types. This mask was down-sampled to the same resolution as the ASL maps using nearest-neighbor interpolation.
Statistical methods
Gray matter analyses were performed using the statistical nonparametric mapping (SnPM) toolbox (http://warwick. ac.uk/snpm). Subject CBF maps were entered into separate group-level regressions with PS as the predictor of interest. Age, degree of normalized gray matter volume, years of education, and sex were included as nuisance covariates. These were included as they significantly associated with CBF. Other variables that were investigated but not included were memory and executive function domain z-scores and WMH burden. Data were analyzed using permutation testing with cluster-level inference (5000 permutations, cluster forming threshold p = 0.001, FWE corrected p < 0.05) with the study specific gray matter mask. SPSS (v.22, IBM) was used for correlation analyses examining the relationship between cluster CBF and other neuropsychological and clinical variables using bivariate correlations. Due to the missing WMH data from 5 participants, post hoc partial correlation analyses were performed to examine the relationship between PS and CBF independent of WMH burden.
Results
Participant characteristics are displayed in Table 1 . The sample included 77 patients (39 M, 38 F) with a mean age of 47.43(± 5.72) years, age of onset at 8.50 (± 4.26) years, and duration of disease of 38.92 (± 4.18) years.
Slower PS was associated with lower CBF in a cluster encompassing the bilateral caudate nucleus and thalamus ( Fig. 1 ; peak t = 4.24; p value at peak-t = 3.1 × 10 − 5 ; x, y, z = − 2, − 4, 2; k voxels = 48), as well as a separate cluster in the frontal lobe including bilateral superior frontal gyrus ( Fig. 1 ; peak t = 4.79; p value at peak-t = 3.9 × 10 − 6 ; x, y, z = − 14, 52, 38; k voxels = 55). There were no regions in which faster PS was associated with lower CBF. Scatterplots of the relationship between PS and extracted cluster CBF are displayed in Fig. 2 . Summary data of CBF and WMH are shown in Table 2 .
To examine the specificity of the clusters for PS, separate whole brain voxel-wise models were run with z-scores for memory and executive functioning as independent predictors of CBF. There were no regions of CBF that associated with Fig. 1 Associations between processing speed (PS) and cerebral blood flow (CBF). Slower PS was associated with lower CBF in two clusters: one encompassing bilateral caudate nucleus and thalamus (peak t = 4.24; p value at peak-t = 3.1 × 10 − 5 ; x, y, z = − 2, − 4, 2; k voxels = 48), as well as a separate cluster in the frontal lobe including bilateral superior frontal gyrus ( Fig. 1 ; peak t = 4.79; p value at peakt = 3.9 × 10 − 6 ; x, y, z = − 14, 52, 38; k voxels = 55). Activation clusters are overlaid on a 4 mm resolution brain image generated by averaging across all subject-specific structural images Table 3 . PS was associated with age and duration of disease, and CBF in the superior frontal cluster was associated with body mass index.
Discussion
In this group of middle-aged individuals with childhood onset T1DM, slower PS was associated with lower CBF in the basal ganglia and superior frontal gyrus. CBF values were not associated with memory or executive functioning domains suggesting that the association was specific to PS. CBF values were not associated with WMH, and adjusting for WMH did not eliminate the relationship between PS and CBF. These findings suggest that in middle-aged adults with childhood onset T1DM, differences in PS are associated with CBF and this association is specific to the basal ganglia and superior frontal gyrus and not influenced by other measures of lower brain integrity.
Previous longitudinal research has identified micro-and macro-vascular complications of T1DM as predictors of decline in PS (Ryan et al. 2003) . Although CBF was not related to whole brain WMH volume, previous research has demonstrated that reductions in CBF may precede development of leukoariosis (Bernbaum et al. 2015) and could potentially be a preclinical biomarker for the development of neurological dysfunction (Hays et al. 2016) . Longitudinal studies will be required to understand the implications of individual differences in CBF, and if over time these effects remain limited to PS, or if they will become more diffuse and begin to associate with other neuropsychological domains.
The localization of the findings to regions of the basal ganglia, particularly the caudate nucleus and thalamus, are noteworthy given the centrality of the basal ganglia in movement and cognition. Striatal areas have previously been associated with cognitive slowing in Parkinson's disease (Jokinen et al. 2013) , and caudate volume predicts PS in older depressed individuals (Naismith et al. 2002) , as well as individuals with multiple sclerosis (Batista et al. 2012) . The finding that slower PS is linked to lower CBF within the basal ganglia contributes to previous findings highlighting the vulnerability of subcortical regions in individuals with T1DM. The functional connectivity of the basal ganglia is altered in response to hypoglycemia in individuals with T1DM (Bolo et al. 2015b) , and changes in basal ganglia volume have been documented in a pediatric sample of individuals with T1DM (Northam et al. 2009 ). These data build upon findings in the basal ganglia by our group (Hughes et al. 2013; Hwang et al. 2016; Nunley et al. 2017 ) and others (Bolo et al. 2015a; Cranston et al. 2001; Gallardo-Moreno et al. 2015; Heikkilä et al. 2010; Moulton et al. 2015; Pell et al. 2012; Rooijackers et al. 2016; Seaquist 2015; Selvarajah et al. 2011) .
There are several limitations of the present study that should be noted. First, the ASL data were collected during rest rather than during a PS task. Further research on ASL and BOLD reactivity during task performance may increase our understanding of the neural dynamics during task performance. Second, the cross-sectional nature of the present dataset precludes inferences of causality. Future longitudinal studies of this cohort will enable us to identify any potential progression of changes in cognition, and understand if individual differences in CBF are a biomarker of future cognitive decline, or development of other vascular pathology. Our study is only able to show that lower CBF is cross-sectionally associated with lower PS, and with no healthy control group it cannot be determined how these results relate to such a sample. Previous studies have found that CBF is not different between adults with T1DM and controls (van Golen et al. 2013 ), thus it is unclear if our findings are specific to individuals with T1DM. Strengths of the present study include the relatively large number of participants in a well-characterized cohort of individuals with T1DM, as well as the broad neuropsychological battery that was administered. Additionally, by utilizing three measures of PS that draw upon fine motor control (pegboard) and tasks that draw upon higher levels of cognition (DSST), we have sampled a relatively broad domain of PS. In summary, slower PS is a common problem in individuals with T1DM. The neural underpinnings of this association are not clear. We identified differences in regional cerebral CBF-particularly in the basal ganglia-that associate with slower PS. Further longitudinal research will be needed to understand the clinical and long-term implications of individual differences in CBF.
